Polycrystalline Bi 1-x La x Fe 1-x Ti x O 3 (x = 0.000 -0.250) ceramics were synthesized by the tartaric acid modified sol-gel technique. It was observed that the co-substitution of La & Ti at Bi & Fe sites in BiFeO 3 suppress the impurity phase formation which is a common problem in bismuth ferrite. The quantitative crystallographic phase analysis was performed with the help of FULLPROF program which suggests the existence of compositional driven crystal structure transition from rhombohederal (space group R3c) to the orthorhombic (space group Pbnm). The changes in the phonon frequencies as well as line widths of A 1 mode in Raman spectra reveal the lattice distortion which tends to modify the crystal structure. The structural transition breaks the spin cycloid structure in co-substituted BiFeO 3 nanoparticles which leads to canting of the antiferromagnetic spin structure. Hence, the remnant magnetization increases up to 10 % of cosubstitution and becomes 22 times that of BiFeO 3 . However, it decreases for higher cosubstitution percentage due to significant contribution from the collinear antiferromagnetic ordering in the orthorhombic crystal symmetry. The co-substitution significantly enhanced the dielectric constant (maximum in x = 0.100) as well as frequency independent region for dielectric constant and dielectric loss.
Introduction
Multiferroic materials have attracted a lot of attention due to their potential applications in memory devices, spintronic devices, magnetically modulated transducers, ultrafast optoelectronic devices and sensors etc. [1] [2] [3] [4] . BiFeO 3 (BFO) is the most studied one because it exhibits ferroelectric order as well as G-type antiferromagnetic orderings above room temperature (T c = 810-830 o C and T N = 350-370 o C) [5] . Its crystal structure is described by rhombohederally distorted perovskite structure with R3c space group. The ferroelectricity in this compound arises due to the off-centre structural distortions of cations induced by the 6S 2 lone pair electrons of Bi 3+ whereas the G-type antiferromagnetic ordering arises due to indirect exchange interaction between Fe 3+ ions through O 2-ions. The R3c symmetry allows the existence of weak ferromagnetic moment due to Dzyaloshinky-Moriya interaction but the cycloid spin structure with the periodicity of ~62 nm prevents net magnetization which leads to net zero magnetization [6] [7] [8] [9] . Pure BFO undergoes antiferromagnet to weak ferromagnet phase transformation at H ∼ 20 T [10] . Lanthanide substitution in BFO is known to reduce the threshold field of the magnetic phase transformation which is associated with the substitutiondriven increase of the magnetic anisotropy [10, 11] . The substitution can affect the anisotropy directly by modifying structural factor (i.e. by changing the crystal field of ligands through the substitution with ions having a different ionic radius), or indirectly, via magnetoelectric coupling [12] . It has been reported that the high ferroelectric and ferromagnetic polarization or large magnetoelectric coupling constant at room temperature through A-site and/or B-site substitution in BFO [13] [14] [15] [16] [17] [18] . Direct evidence of cycloid suppression in Lanthanum (La 3+ ) substituted ceramics has been given through nuclear magnetic resonance (NMR) measurements which has been correlated with the coexistence of rhombohedral to orthorhombic crystal structures [11, 13, 17] . This structural phase transition significantly enhances the magnetization as well as magnetoelectric interaction.
BFO has limited technological applications due to high leakage current at room temperature, which originate from high defect density, oxygen off-stoichiometry and presence of [20] and is a highly polarizable ion which might couple with Bi displacements. It also breaks cycloid spin structure which leads to enhancement in the resultant magnetic moment. The substitution at the Fe 3+ sites increases the Fe-O-Fe angle and improves the magnetic properties because the increase in bond angle can increase the super-exchange interaction between the two Fe ions [21] .
It is difficult to prepare single phase BFO because of its narrow temperature range of phase stabilization. Several attempts have been made to prepare phase pure by chemical route and the solid state route followed by leaching with nitric acid [22, 23] . The nitric acid leaching is used to eliminate above impurity phases which leads to the formation of coarser powders and its poor reproducibility. Moreover, Pradhan et al. prepared pure BFO phase ceramics by a rapid liquid-phase sintering technique. The crystallization temperature of BFO in these methods was above the ferroelectric Curie temperature T c , which suggests that there will be volatilization of bismuth which deteriorates its dielectric properties [24] . Hence, we have adopted the chemical route of synthesis for uniform particle size and better reproducibility. Cheng et al. [25] significantly reduced leakage current even in high electric field of the order of 1800 kV/cm.
They also observed almost fatigue-free behavior was observed up to 10 9 switching cycles [27, 28] . However, there is no report on influence of crystal structure transition on magnetic, optical and dielectric properties on La and Ti co-substituted BFO ceramics. As BFO is potential candidate for multiferroic device applications, it is needed to explore the correlation of different crystal symmetries with the above physical properties. The XRD patterns were analyzed by employing the Rietveld refinement technique with the help of FULLPROF program [30] . The patterns for all the ceramics could be refined using the R3c as well as Pbnm space groups. Different structural parameters, such as, Zero correction, scale factor, half width parameters, lattice parameters, atomic fractional position coordinates, thermal parameters were varied during refinement. Background and peak shape was refined by the sixth order polynomial and pseudo-voigt function respectively.
Methods

Results and discussion
XRD patterns for all the doublets appears merging to give a single peak, which is clearly visible ) for more than 5 % of co-substitution. These results correspond to the increase in lattice distortion for cosubstituted ceramics with the increase in the substitution concentration which leads to rhombohedral to orthorhombic crystal phase transition. The lattice constants decreases with the increase in the substituent concentration due to smaller radius of substituents than that of host cations, which is evident from the shift of the XRD peak towards higher 2θ value as shown in the Fig. 2 . This shift indicates that the substituents get substituted in the BFO lattice. The particle size has been calculated using Scherrer's formula [32] which is defined as,
Where constant k depends upon the shape of the crystallite size (= 0.89, assuming the spherical particles), β = Full width at Half Maximum (FWHM) of Intensity (a.u.) vs. 2θ profile, λ is the wavelength of the Cu K α radiation (= 0.1542 nm), θ is the Bragg's diffraction angle and D is the crystallite size. Here, the value of FWHM has been used from Rietveld refinement of corresponding XRD patterns. According to Rietveld method [33] , the individual contributions to the broadening of reflections can be expressed as,
Where U, V and W are the usual peak shape parameters, IG is a measure of the isotropic size effect, D ST =coefficient related to strain. As shown in the (Fig. 4(c) ) for BLFT-015 shows the average crystallite size to be about 60 nm which is consistent with the FE-SEM as well as XRD analysis. Also, SAED pattern of a single crystallite in BLFT-015 (Fig. 4(d) ) suggests the particle to be single crystal. The similar kind of SAED patterns were obtained for particles in other region of sample.
Since Micro-Raman spectroscopy is sensitive to the structural phase transitions, it has been carried out to further support the Rietveld analysis of the XRD patterns. In principle, any change in the crystal structure can be studied by examining the variation in frequency, bandwidth and intensity of the Raman peaks. Theoretical group analysis has predicted 18 optical phonon modes: 4A 1 +5A 2 +9E for BFO (space group as R3c) at room temperature. The A 1 and E modes are both Raman and IR-active modes, whereas the A 2 modes are Raman and IR inactive modes [34] . A 1 modes are polarized along z-axis whereas E modes in x-y plane. By deconvoluting the fitted curves into individual modes, the peak position of each component, i.e. the natural frequency (cm -1 ) of each Raman active mode, has been obtained for all the Raman spectra. In order to understand the effect of chemical pressure on the band gap of BFO, the diffuse reflectance spectra of all the ceramics have been recorded. UV-Vis diffuse reflectance spectra were converted into absorption readings according to the Kubelka-Munk (K-M) method [39] . The absorption spectrum of the ceramics transformed from the diffuse reflection spectra
Where, R is diffuse reflectance. Typical plots of F(R) versus wavelength (λ) have been shown in Since BFO has a distorted cubic perovskite structure, there is a point group symmetry breaking from O h to C 3v [40] . There are expected six transitions between 0 and 3 eV by considering C 3v local symmetry of Fe 3+ ions (High spin configuration ) in BFO and using the correlation group and subgroup analysis for the symmetry breaking from O h to C 3v [41] . The Fe-O-Fe bond angles have been obtained using Diamond 3.2 software which has been mentioned in Table. The bond angle increases upto 5 % of co-substitution and then decreases. It increases the canting angle of the antiferromagnetically ordered adjacent planes with the suppression of cycloid spin structure [42] . Hence, the evolution of weak ferromagnetism in substituted ceramics may be attributed to the canting of antiferromagnetically ordered spins because of structural distortion as there is no contribution of magnetization from the impurity phases (Bi 2 Fe 4 O 9 and Bi 25 FeO 40 ) because these are paramagnetic at room temperature [43] and also the substituents are non-magnetic. The maximum and remnant magnetization increases with increasing the substitution concentration up to 10% due to suppression of spin cycloid structure.
But, the increase in substitution concentration more than 10% breaks the magnetic exchange network in BFO lattice because of nonmagnetic nature of both substituents (La & Ti) and results in the further decrease in both magnetization values. Also, the maximum magnetization at 9 T and remnant magnetization for more than the co-substitution of 10% decreases significantly due to the appearance of collinear antiferromagnetic ordering in the orthorhombic structure because of the significant contribution from the crystallographic phase of Pbnm space group (as obtained from the quantitative crystallographic phase contribution by double phase Rietveld analysis).
The magnetic impurities such as Fe 2 O 3 or Fe 3 O 4 can affect the magnetic properties of the BFO ceramics. In fact, the presence of Fe 2 O 3 magnetic impurity has not been detected form XRD (X-Ray diffraction) pattern analysis in the present ceramics. Moreover, the observed magnetic hysteresis loop for BFO which has largest amount of impurity phases among all ceramics, does not show the signature of ferromagnetism. Also, the area of ferromagnetic hysteresis loop and coercivity increases with the increase in substitution percentage upto 10 % and then decreases significantly due to appearance of collinear antiferromagnetic ordering in the orthorhombic structure. These results are also consistent with our crystallographic phase percentage obtained from Rietveld analysis of XRD patterns which shows that the percentage of the orthorhombic crystal symmetry (space group Pbnm) is significant for more than 10 % of cosubstitution. This result can be attributed to the fact that the weak ferromagnetism in the substituted ceramics might be due to broken cycloid spin structure which leads to canting of the antiferromagnetic spin structure. Figure 10 shows the room temperature dielectric constant as well as loss versus frequency plots of all ceramics in the frequency range of 300 Hz -10 MHz. BFO show the large dispersion at low frequency due to significant oxygen vacancies and secondary phases than that for the substituted ceramics. The dielectric constant increases with the increase in substitution percentage and attains maximum for BLFT-10 ceramics, then decreases for the higher substitution due to increase in lattice defects. At the same time, dielectric loss was observed to be decreasing with the increase in co-substitution percentage which can be correlated with the increase in the resistivity because Ti substitution on B-site (i.e. for Fe 3+ ) eliminate oxygen vacancies (responsible for low resistivity). Moreover, smaller grain size results in the increase of grain boundaries acting as scattering centre for the moving electrons and hence helps in increasing the resistivity. The decrease of dielectric constant with the increase in frequency can be explained by dipole relaxation phenomenon due to Maxwell-Wagner type of interfacial polarization contribution. The dipoles having large effective masses (e.g., oxygen vacancies, segregated impurities phases) are able to follow at low frequency of the applied field and ceases to respond at higher frequencies. Hence, the dielectric constant decreases rapidly with the frequency in lower frequency range (< 10 4 Hz) and become frequency independent in higher frequency range (> 10 4 Hz). The 10 % co-substituted samples shows significant frequency independent region for dielectric constant and dielectric loss whereas BFO shows high frequency dependence. These results indicates the reduced dielectric loss which leads to the decrease in the room temperature bulk conductivity (decrease in leakage current) and thus enhanced resistivity in BLFT-10 ceramics.
Conclusions
The 
Space Group
R3c Pbnm
Crystallographic Phase contribution of all ceramics X = 0.000 100 % 0 % contribution from both crystallographic phases as mentioned in Table 2 . 
